Summary. The roles of ossification events, bone stages and bone ages in the prediction of the timing of the pubertal growth spurt are examined using data from the Harpenden growth study. In general, predictions made more than two years in advance of the average age of peak height velocity (PHV) are of little clinical value. The timings of certain ossification events and of PHV are related but the practical difficulties of obtaining reliable information on their timings precludes their use in most circumstances. Certain bone stages may be used to indicate that growth is nearly completed. RUS bone age is more closely related to the timing of PHV than is carpal age, and it is the most convenient and reliable way of estimating the age at PHV, although the confidence limits of such a prediction are appreciable. It may be very misleading to assume that the growth spurt will be advanced or delayed to the same extent as ossification events or bone age and the appropriate regression equations must be used.
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Certain aspects of orthodontic treatment, such as overbite reduction and the distal movement of upper buccal segments, can most readily be achieved while the face is still growing and treatment designed to influence facial growth can be successful only during periods of rapid growth. The velocity of growth continually diminishes after birth except for two spurts, the first a small and inconsistent one at about 6 or 7 years of age, and the second at the time of puberty (Fig. 1) . During the pubertal spurt, the velocity of growth is greater than at any other time at which orthodontic treatment might be undertaken. Obvious benefits are to be gained if the aspects of treatment that depend on growth can be undertaken during this period.
The timing of the growth spurt varies slightly in different parts of the body but in most facial dimensions it seems to occur at about the same time as in stature (Nanda, 1955; Bergersen, 1972; Bjork, 1972) . On average, the peak of the growth spurt in stature is at 12.0 years in girls and 14.0 years in boys with a standard deviation of nearly 1 year for each sex. On a serially plotted curve it can be difficult to recognize the commencement of the growth spurt because of frequent irregularities resulting from various factors that include inherent variations in velocity and random errors in measurement. Deming, (1957) defined the start of the growth spurt^s the point of inflection on a mathematically fitted Gompertz curve and Bergersen (1972) and Bowden (1976) tried to locate it from the raw data. However, most studies have concentrated on peak height velocity (PHV) which is more readily identified on a serially plotted curve.
The uncertainty in the timing of the adolescent spurt makes it difficult for the clinician who wishes to take advantage of it to do so to maximal effect; and the irregularity of the serially plotted curve makes it hard to 12 15 Fig. 1 . A smoothed height velocity curve. There is considerable variation in the size and timing of the adolescent growth spurt. In boys the peak is at 14.0 years (SD 0.9 years) and in girls it is at' 12.0 years (SD 0.9 years).
identify the growth spurt until it is well under way. The variability in the timing of the growth spurt reflects differences in the physical maturity of children of the same chronological age. It is well established that other maturational events are related to the growth curve. For example, menarche in girls occurs after PHV while the appearance of various secondary sex characteristics is related to earlier parts of the growth curve (Tanner et al., 1976) . Skeletal age derived from hand-wrist films (Fig. 2) is well established as a method of estimating physical maturity; and its value has been demonstrated by the improvement in prediction of adult height when it is taken into account, particularly at about the time of puberty when the greatest variations in maturation are found among children of the same chronological age (Tanner, 1962) . Thus the use of information from hand-wrist films might help estimation of the timing of the adolescent growth spurt. However, it should be noted that while many studies have reported a relationship between maturity estimated from hand-wrist films and the timing of the growth spurt, it still has to be shown that knowledge of skeletal maturity improves by a clinically useful amount the estimate of a child's position on his growth curve.
Information from hand-wrist films can be used in a number of ways to estimate the skeletal age of a child. In the atlas method of Greulich and Pyle (1959) the radiograph in Figure 2 Bones of the hand and wrist. The phalanges are labelled P with the prefix P (proximal), M (middle), or D (distal). The numbers refer to the digits, 1 being the thumb and 5 the little finger. S is the sesamoid.
question is compared with a standard series of films, selected to be representative of normal children at different chronological ages. The skeletal age is taken to be that of the standard film which the radiograph in question matches most closely. A practical difficulty is that the rate of maturation in different bones may vary and so it may be difficult to decide which standard gives the closest overall match. In the Tanner and Whitehouse (TW2) method (Tanner et al., 1975a ) a weighted score is allotted to the developmental stage of each of 20 bones in the hand and wrist. The bone age is determined by the total score for the radiograph. A full rating can be undertaken, or the RUS (radius, ulna and short bones) and Carpal bone ages can be calculated separately.
In using hand-wrist films it is important to distinguish bone stages from ossification events (Houston et al., 1979) . Bone stages (Fig. 3) are arbitrary periods in the development of a bone that have been described in a particular rating system (in the present study the TW2 method as described by Tanner et al., 1975a ). An ossification event occurs when one bone stage changes to the next. Its identification thus requires serial radiographs and the timing of the ossification event is the midpoint of the interval separating the two films between which the changeover of bone stages took place (Fig. 3) . In the present paper, an ossification event and the immediately following bone stage are identified by the same letter, but the symbol + is added to identify the stage. Thus the event that marks the first appearance of an ossification centre is B and the subsequent stage is B+. MP3 (F) is an event and MP3 (F+) is the following stage. Bjork and Helm (1967) , Helm et al., (1971) and Grave and Brown (1976) reported associations between the timings of certain ossification events and PHV ages but did not consider whether this information allowed a clinically relevant improvement in the prediction of PHV age. Houston et al. (1979) investigated the association between PHV age and a large number of ossification events in the hand and wrist and showed that some events could improve the prediction of PHV age although only to a limited extent.
Few studies have recommended single bone stages as criteria of skeletal maturity. From the results of Helm et al. (1971) on ossification events, Bjork (1972) discussed the use of certain bone stages to indicate whether the growth spurt had passed or whether growth was complete. In certain circumstances this is all that is required but, if the timing of PHV is to be predicted, it must be recognized that data from ossification events cannot be extrapolated directly to bone stages because it is not possible to tell from a single bone stage when the associated ossification E+ F+
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Figure 3 Bone stages and ossification events for the middle phalanx of the third finger (MP3). A detailed description of the bone stages in the TW2 system is given in Tanner et al. (1975b) . In the ratings of Helm et al. (1971) 'MP3=* is equivalent to MP3(F+); 'MP3 C ap' to MP3 (G+); and 'MP3 U ' to MP3 (!+)• event occurred, except within very broad limits. In the present context, a predictive method must be evaluated according to the expected improvement in timing the growth spurt and the size of the confidence limits associated with the prediction. The demonstration of an association between the timings of the two variables does not by itself show that the identification of one will be of any clinical value in the estimation of the other. The clinician must decide, on the basis of adequate evidence, whether the estimate is accurate enough to be taken into account in planning treatment.
Subjects and methods
The subjects were 68 boys and 58 girls of European origin who took part in the Harpenden growth study. They were a subsample of the group described by Tanner et al. (1976) . Subjects were included in the present study only where it was possible to make a reliable assessment of the age at PHV. Records, which had been obtained at six monthly intervals until the first signs of secondary sex characteristics and then every three months, included hand-wrist radiographs taken in a standardized fashion and measurements of stature as described by Tanner (1962) . The developmental stages of the bones of the left hand were rated according to the TW2 standards of Tanner et al. (1975a) . The measurements of stature and the ratings of the bone stages had all been undertaken by the one auxologist, R. H. Whitehouse. From the measurements of stature for each child, height velocity was calculated and a curve was fitted to allow the age at peak height velocity (PHV) to be calculated (Tanner et al., 1976) . The methods of calculating the timings of ossification events and bone stages are described in the following sections. The statistical analyses were undertaken using the SPSS 6.5 computer package (Nie et al., 1975) . First the distributions of all variables were examined for normality. A few ossification events had distributions that exhibited skewness or kurtosis but this was not a marked feature (Houston et al., 1979) . In the regression equations, the residuals were plotted and examined (Anscombe and Tukey 1963) but there was no evidence of departures from linearity or of inequality of variance.
Results and discussion

Ossification events
The date of each ossification event was calculated as being halfway between the dates of the last radiograph showing the preceding bone stage and the first radiograph showing the subsequent one. Over most of the period covered by this study, radiographs had been obtained at least every three months and so, in most cases, the maximum error in the estimate of the age of an ossification event is six weeks.
The timings of ossification events relative to PHV age in this study are broadly comparable with those reported by Helm et al. (1971) for Danish boys and by Grave and Brown (1976) for Australian aboriginal children (Table 1 ). There are some statistically significant differences and this could reflect racial variation and socio-economic differences. Magnusson (1979) has reported some statistically significant differences in the timing of certain ossification events between Danish, Greenlandic and Icelandic children.
As is evident from the standard deviations, the timing of PHV relative to these ossification events is rather variable. Indeed, it is only with events which on average occur after PHV that this variability is appreciably less than for the timing of PHV relative to chronologic age (Table 2) . A detailed account of the relationships of 79 ossification events to age at PHV has been published by Houston et al. (1979) . Data on the timing of a number of ossification events with the highest correlations with age at PHV at different chronologic ages are presented in Table 1 Differences in timing in years of certain ossification events and peak velocity in height from the present study compared with other published results A negative mean value indicates that the ossification event occurs on average in advance of PHV. "The standard deviations have been calculated from the standard errors published in this paper. Due to rounding errors, these figures can be regarded only as approximate. It should be noted that Grave and Brown took the timing of the ossification event to the midpoint of the year after the stage first appeared. In comparison with the other two studies, the mean ages should be adjusted by subtracting 1 year.
MP3(F)
•'These figures have been calculated from the frequencies published in this paper. A number of the distributions were appreciably skewed but transformation to allow for this does not have an appreciable effect on the widths of the confidence limits and so for simplicity, untransformed results are given in this table. •Indicates significance at the 5 per cent level and **at the 1 per cent level Table 2 . These correlation coefficients are all statistically significant and they tend to be larger for events close to PHV than for those occurring several years in advance of it. This is hardly surprising because a child who is advanced or retarded relative to his peers at one age will not necessarily be so at a later age. However, this means that the value of the earlier ossification events as predictors of age at PHV is limited. For prediction, it is regression coefficients, not correlation coefficients, that are of interest. The regression coefficients (Table 2 ) indicate the adjustments which should be made to the expected age at PHV when the ossification event is taken into account (e.g. see Fig. 4) .
A number of points should be emphasized. 1. The regression coefficients for boys and girls differ and so separate figures must be used. For example, the regression on Radius (G) is highly significant in girls, but not at all significant in boys; and Ses (B) has a regression coefficient of 0.63 in girls but only 0.39 in boys (Houston et al., 1979) . 2. When the regression coefficient is small, even although it may be statistically significant, the adjustment to the estimated time of PHV is trivial. 3. The highest regression (and correlation) coefficients are found at or after the average age of PHV but these are not of Figure 4 The distribution of the timings of two ossification events relative to the age at peak height velocity in boys. (Left) the identification of PP3 (F) at the average age of its appearance indicates that in two such cases out of three, peak height velocity will occur between 10 years 9 months and 12 years 4 months. If the event occurs earlier or later than average, the expected age of PHV should be adjusted according to the regression coefficient for age of PHV on age of ossification event. (Right) in 97.5 per cent of cases, the occurrence of event MCI (H) indicates that PHV has occurred at least four months earlier.
predictive value. They could be used to indicate whether the growth spurt had passed or whether growth was nearly completed, but the subsequent bone stages can be just as useful for this. 4. By taking account of regression coefficients for certain events which on average occur during the year or two before PHV, the prediction of the age of PHV can be improved. It should be noted that the residual standard deviations and thus the confidence limits of the prediction are quite large and so there is still considerable uncertainty in prediction. However, because the prediction is more efficient, they are slightly narrower than those obtained by using the mean difference. Compare for example Sesamoid (B) in girls where the standard deviation of the difference between the timing of the ossification event and PHV is 0.76 years while the residual standard deviation of the regression is only 0.68 years (Table 2) . 5. It is important to note that when the regression coefficient is less than 0.5, the addition of the mean difference to the age of the ossification event in order to estimate age at PHV may well give a worse estimate of its timing than does chronologic age alone. For example, if in a boy Ses (B) is 1 year late, it is quite incorrect to estimate that PHV will be correspondingly delayed. The regression coefficient in this case is 0.39 and so for every year that SES (B) is advanced, or retarded, the expected age of PHV should be adjusted by 0.39 years, not by 1 year. Thus it is essential to recognize that, even if it is known that a particular ossification event has occurred early or late, it is not correct to assume that the age of PHV will be affected to the same extent. 6. If clinical radiographs are taken less frequently than in this study, the timing of the ossification events will be less reliable and so, although the regression coefficients will still apply, the confidence limits of the prediction will be wider. One of the problems of using ossification events is that serial radiographs may have to be obtained over quite extended periods of time, indicated by the size of the standard deviations of the timings of the ossification events (Table 2 ). In order to be confident of identifying a particular ossification event in 95 per cent of children, it would be necessary to obtain the first radiograph two standard deviations in advance of the average age of its appearance and it might be necessary to continue at regular intervals for as long as two standard deviations after that. Clearly, in children who were advanced, the event would be identified rapidly and, in those who were obviously delayed, the second radiograph could be postponed until the average age of the event in question. In addition, other events that could be used might be identified during the period of radiographic supervision. Nevertheless, the reliable timing of a particular event is not simple unless hand-wrist radiographs are obtained at regular intervals, possibly over an extended period of time. Although the radiation dosage from a properly taken hand-wrist film is small frequent radiographs may be undesirable. It might be expected that prediction could be improved by taking account of more than one ossification event. However, the timings of different ossification events are themselves correlated and the contribution to the prediction of events after the first is small and usually not of statistical significance. (Houston et al., 1979) .
Bone stages
Bone stages are identified from a single radiograph. The duration of different stages varies considerably. For example, in boys, MC3 stage F lasts on average for over 5.1 years whereas Ulna stage D lasts for less than 1 year. It is not possible from a single radiograph to determine with any degree of reliability whether a stage is early or late in its development. Statistically, it is most efficient to assume that a stage is midway between its delimiting ossification events. Thus the expected time of PHV is the average of the corresponding figures for the ossification events. Clearly, because of the possible error which is introduced by the assumption that a stage is at its midpoint, the confidence limits for the timing of PHV will be greater than those for the ossification events. The means and standard deviations of age at PHV were calculated for each stage at each year of age, for boys and girls of the present sample. Table 3 is an extract of the resulting analysis, which is too extensive to publish in full. As is to be expected, the less mature a bone is in a child of a given age, the later is the average age of PHV; and the latter also varies according to the chronologic age at which the stage was observed. When the data are segregated in this fashion, the confidence limits are smaller than would otherwise have been the case but at many points they are not appreciably less, and sometimes they are greater, than for the estimations of PHV age from chronologic age alone. The differences in the expected ages of PHV are mostly trivial. The dubious gain in predictive accuracy and the cumbersome nature of the tables that would be required, militate against the use of single bone stages for the prediction of age at PHV. As was indicated by Bjork (1972) , single bone stages can be used to indicate that the growth spurt has not yet started or that it has passed, or that growth is nearly complete. The presence of a bone stage indicates that the prior ossification event has already occurred and the subsequent event has yet to come. This could be of use if it is necessary to ascertain that growth is nearly over before abandoning orthodontic retention or undertaking surgical correction of jaw malrelationships. In evaluating the probability that an event such as PHV has passed, it is appropriate to use a 1 tailed test (see Fig. 4 ). However, this approach is of limited application because it can indicate whether or not an event has occurred, but not its timing except within very broad limits.
Bone age RUS and Carpal bone ages at each birthday were estimated according to the TW2 method (Tanner et al., 1975a) . In some older children these had reached maximum values (18.2 and 16.0 for RUS age in boys and girls respectively and 15.0 and 13.0 for Carpal age). Where this was the case, these children were not included in the correlation and regression calculations for the relevant age groups, but the age at PHV was calculated separately (Table 4) . It is apparent that, in these cases, the variation is so great that the information is of little value for predictive purposes.
Regressions and correlations of age at PHV on bone age and stature at each birthday were calculated. Taken singly, RUS bone age, Carpal bone age and present height all exhibit significant correlations with PHV age at certain chronologic ages (Table 5 ). In general, the correlations with RUS bone age are highest and those with Carpal bone age are lowest. In order to investigate the possible benefits of taking account of more than one of these variables, multiple correlations were evaluated, including the three independent variables in different orders. It was found that when RUS bone age was included first, the further contributions of Carpal bone age and of present height were generally trivial (Table 5) . When RUS bone age was included after the other variables, it always made a large and significant contribution to the correlation. Thus, the most efficient prediction of the age of PHV will be based on RUS bone age.
Regression coefficients of PHV age on RUS bone age at each birthday are given in Table 6 . It will be noted that, in girls, these are significant at all the ages investigated but, in boys, it is only after 11 years of age that the regression coefficient becomes significant and even at this age it is small. Separate standards must be used for the different ages and for "Indicates significance at the 1 per cent and *at the 5 per cent level. By the age of 16 years, most girls had reached adult values for both RUS bone age and for carpal bone age and so too few cases were left to allow the statistics to be calculated. 1 The negative signs of the correlation coefficients indicate that the more advanced a child of a given chronological age is for one of these variables, the earlier is the expected age of PHV.
2 In a number of older children, carpal bone age had reached the adult value and so they were not included in the correlations involving it. For this reason there are sometimes fewer cases where carpal bone age is included and, in the multiple correlation, the coefficient for RUS bone age may differ from the simple correlation coefficient. 3 In the multiple correlation tables, signs have been suppressed. The first column is equivalent to the simple correlation coefficient and subsequent columns give the size of the multiple correlation coefficient when the variable is included. The asterisks indicate whether the correlation coefficient is increased by a significant amount when that variable in included.
each sex. At all ages the residual standard deviations are still quite large and this must be taken into account if it is hoped to undertake treatment during a period of rapid growth.
As was the case with ossification events, gross errors in prediction may result if the expected age of PHV is adjusted to correspond with the bone age. In boys of 11 years for example, the PHV age should be adjusted by only three months for every year that RUS bone age differs from chronologic age. Bergersen (1972) published a table for the prediction of the pubertal growth spurt in boys. This seems to have been based on the assumption that the commencement of the growth spurt could be determined according to skeletal age. However, when skeletal age is used as a baseline, the variability of timing of a number of maturational events is nearly as great as when chronological age is used. For example, Marshall (1974) reported that the standard deviation of RUS bone age at the time of PHV was 0.92 years in girls and 0.77 years in boys compared with 1.06 and 0.96 years for chronological age.-Thus in the present context, skeletal age does not offer major advantages over chronological age. Only when both chronological age and skeletal age are taken into account, as was done in the present study, is there an effective reduction in the uncertainty of the timing of the growth spurt.
The results of the present study are almost identical with those of Liebgott (1967) for correlations between the age at PHV and skeletal age in boys from the Burlington study. Liebgott (1978) published correlations between the peak of the mandibular growth spurt and skeletal age in boys from the same study. The figures are slightly higher than those for stature but the patterns of association are very similar and this lends support to the assertion that the results of the present study apply to facial growth as well as to stature.
Conclusions
It is clear that the information from handwrist radiographs is of only limited value in predicting the time of peak height velocity and thus of the growth spurt. With all methods, the prediction improves as the average age of the growth spurt is approached. This is in accord with the finding of Tanner et al. (1975b) that bone age contributes little to the prediction of adult stature in younger children although it is helpful within a few years of the pubertal growth spurt.
The practical difficulties of timing ossification events and the need for serial observations before an estimate of age at PHV can be made, will preclude their use in most clinical situations. It should also be remembered that if radiographs are obtained less frequently than in this study, predictions will be less accurate. Bone stages and bone ages have the over-riding advantage that they can be obtained from a single radiograph. Single bone stages are not helpful in the prediction of PHV age although certain stages can be used to show that growth spurt has not yet commenced or that it has passed. Carpal bone age is generally less informative than RUS bone age. It is also more difficult to rate and reaches its adult value before the age of PHV in some cases. With experience, the RUS bone age is not time consuming to calculate and this should be done if an estimate of age at PHV is required.
The expected timing of PHV should be estimated using the appropriate regression coefficient and separate standards must be used for boys and for girls. Merely adjusting the average age of PHV by the time that the skeletal maturity is advanced or retarded will generally give a poor estimate. Attention should also be paid to the size of the confidence limits of the prediction. Even under the most favourable conditions these are appreciable and this must be allowed for if treatment is to be timed to take advantage of the growth spurt.
The concern of this paper has been to explore the contribution that information from hand-wrist films might make to the prediction of the timing of the pubertal growth spurt. The advisability of attempting to time orthodontic treatment to take advantage of the growth spurt will be discussed in a separate paper.
